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Introduction {#sec001}
============

Phytopathogenic bacteria cause annually very important losses in major crops and fruit trees, producing serious economical damage. Epidemiological studies have been mostly focused on plant-pathogen interactions, excluding the role of other organisms in disease dissemination. Insects are often neglected as ecological players, but many plant diseases become more severe and detrimental in the presence of specific or nonspecific insect vectors that spread the pathogen to new hosts \[[@pone.0127560.ref001]\]. Nowadays, there is a trend to investigate plant diseases at a community level \[[@pone.0127560.ref002]\], looking for a better understanding of the interactions and associations of the bacteria with other organisms in the environment.

The bacterium *Erwinia amylovora* is the causal agent of fire blight, a destructive and highly infectious disease of apple, pear and other rosaceous plants. The name of the disease is derived from the characteristic dark discoloration of affected plant tissues, as if they were burnt. Fire blight causes dramatic losses worldwide, and remains as a disease difficult to control due to the lack of fully efficient chemical and biological treatments and the ability of *E*. *amylovora* to persist in nature and to spread in diverse ways \[[@pone.0127560.ref003]\]. *E*. *amylovora* cells are usually disseminated by insects, rain, wind or wind-driven rain (as aerosols) to open blossoms, and also to shoots, tender leaves and fruits \[[@pone.0127560.ref003], [@pone.0127560.ref004]\]. In a recent review on fire blight by Billing \[[@pone.0127560.ref005]\], the author concludes that some aspects of *E*. *amylovora* life cycle and fire blight epidemiology rest on uncertainty. Although it is considered that *E*. *amylovora* uses blossoms as the main route of infection, natural openings or wounds can also provide entryways into the plants \[[@pone.0127560.ref006]\]. Further, there are many insects presumably associated with the spread of fire blight \[[@pone.0127560.ref007], [@pone.0127560.ref008], [@pone.0127560.ref009], [@pone.0127560.ref010]\], although their exact role and the *E*. *amylovora* survival in/on these insects is poorly understood, specially in non-pollinating agents \[[@pone.0127560.ref004], [@pone.0127560.ref011]\].

There is a wide presence of non-pollinating insects in pome fruit orchards throughout summer, late spring and early autumn \[[@pone.0127560.ref012]\]. An important group of these insects are the fruit flies (family *Tephritidae*), which have a particular relevance in agriculture \[[@pone.0127560.ref013]\]. The Mediterranean fruit fly, or medfly, *Ceratitis capitata* (Wiedemann) is one of the most destructive fruit pests worldwide and is considered the most important invasive species throughout the world \[[@pone.0127560.ref014], [@pone.0127560.ref015], [@pone.0127560.ref016], [@pone.0127560.ref017]\]. The medfly has been extremely successful at invading and settling new areas, particularly due to its polyphagous diet, causing damage in nearly 400 plant species, and its liberal host acceptance behavior, rapid population growth, and high tolerance for a wide range of climates \[[@pone.0127560.ref015]\]. In addition, the medfly can be spread via the local sale or exportation of fruit, and it can fly at least 20 km, which greatly complicates the efforts to control this insect \[[@pone.0127560.ref018], [@pone.0127560.ref019]\]. Thus, the medfly is now spread throughout more than 70 countries, and it is considered a quarantine pest in many of them \[[@pone.0127560.ref016]\]. However, up to date scarce reports on fruit flies as vectors of plant and human diseases are available \[[@pone.0127560.ref020], [@pone.0127560.ref021], [@pone.0127560.ref022]\]. Since high densities of *C*. *capitata* are usually found in apple orchards \[[@pone.0127560.ref012]\], our main objective was to investigate whether *E*. *amylovora* can survive and be transmitted by *C*. *capitata*. Because the predilection of medfly for apple fruit as the most suitable host \[[@pone.0127560.ref023]\], we selected these fruits, which could act as a vehicle for *E*. *amylovora* dissemination \[[@pone.0127560.ref024], [@pone.0127560.ref025], [@pone.0127560.ref026]\]. In the light of results obtained, we consider that medfly can not be neglected as a potential vector for *E*. *amylovora*, since this pathogen can survive in/on *C*. *capitata* and be transmitted to plant material causing disease symptoms.

Materials and Methods {#sec002}
=====================

Bacterial strains and growth conditions {#sec003}
---------------------------------------

Two reference strains of *E*. *amylovora*, CFBP1430 (from *Crataegus oxyacantha*, France) and NCPPB2080 (from *Pyrus communis*, New Zealand), and their respective green fluorescent protein (GFP) and red fluorescent protein (DsRed)-labeled transformants were used. Green fluorescent transformants 1430-GFP1 and 2080-GFP3 were previously obtained \[[@pone.0127560.ref024]\]. Transformants 1430-DsRed2 and 2080-DsRed1 were obtained in this study by transformation of competent cells with plasmid pDs-Red, which confers ampicillin resistance and red fluorescence. The colony morphology of DsRed-tagged strains on growth media was the same of the parental strains but with a pink-red colour provided by the pDs-Red plasmid. There were not differences in pathogenicity and severity of symptoms when DsRed-transformants were inoculated in immature pears cv. Devoe. Green-fluorescent transformants were used to monitor the bacteria on external surfaces of flies, while red-fluorescent ones were used to monitor them inside the insects, since in the preliminary experiments it was observed that fly tissues show a green fluorescence interfering with that of GFP-bacteria.

The semi-selective media CCT \[[@pone.0127560.ref027]\] and RESC (Recovery-*Erwinia amylovora*-Stressed-Cells) \[[@pone.0127560.ref028]\], and the general media King's B (KB) \[[@pone.0127560.ref029]\], Luria-Bertani (LB) and sucrose nutrient agar (SNA) \[[@pone.0127560.ref030]\], all of them in solid and liquid formulation, were used for growth of *E*. *amylovora*. In the case of GFP or DsRed-tagged strains, media were supplemented with tetracycline (12.5 μg/ml) \[[@pone.0127560.ref024]\] or ampicillin (100 μg/ml), respectively. Incubation conditions were 26°C for 48h, at 50 rpm of shaking in the case of liquid media. For the isolation and/or recovery of challenged *E*. *amylovora* cells, incubation period was extended up to 7 days.

*C*. *capitata* strain and rearing conditions {#sec004}
---------------------------------------------

Medfly pupae were obtained from the Entomology Laboratory of IVIA, from colony IVIA2002 \[[@pone.0127560.ref031]\]. Adults were maintained in a 20x20x20 (cm) Perspex cage at 25 ± 40°C, 75 ± 5% RH and a 16:8 h (L:D) photoperiod in an environmental chamber (MLR-350, Sanyo). Standard food consisted of a mixture of sugar (from sugar beet, *Beta vulgaris* L.; Azucarera Ebro, SL, Madrid, Spain), hydrolyzed yeast (Biokar Diagnostics Co., Pantin, France) (4:1; wt:wt) and water. Sexually mature medflies (5--7 days old) were used for all assays.

Plant material {#sec005}
--------------

Royal Gala apple fruits from organic culture were used in acquisition and transmission experiments (see below). They were disinfected with a 60% sodium hypochlorite solution for 5 min, washed 3 times for 15 min each with sterile distilled water, and then dried \[[@pone.0127560.ref024]\]. Detached young pear shoots of cv. Conference were disinfected with 50% ethanol for a few seconds, followed by 3 washings of 10 min each with sterile distilled water, left to dry and their bases introduced into sterile 1.5% agar \[[@pone.0127560.ref024]\]. Whole pear seedlings used for transmission experiments were obtained from Conference pear seeds. Following the protocol of Santander et al. \[[@pone.0127560.ref032]\], the seeds were disinfected with sodium hypochlorite 3% (wt:vol) for 5 min, washed with sterile water, dried, and stratified in wet river sand at 4°C. After 1--3 months, the seeds were transferred to an autoclaved nutritive substrate (black and white peat, sand and perlite) and incubated in an environmental chamber (MLR-350, Sanyo) for two months (stem length 8--16 cm). Immature apple fruits of cv. Golden Delicious and loquats cv. Argelino (2--4 cm diameter) were disinfected with a 30% sodium hypochloride for 1 min, washed 3 times for 10 min each, and then dried \[[@pone.0127560.ref024], [@pone.0127560.ref033],\] before inoculation.

Acquisition of *E*. *amylovora* by the medfly from inoculated mature apples {#sec006}
---------------------------------------------------------------------------

Two disinfected mature apples were challenged in cages (20x15x10 cm) in which they were placed in opposite positions (peduncle or calyx face up). Several wounds were made in each apple: six cuts of 1.5 cm in the central area of the fruit and five cuts in the area surrounding the peduncle or calyx. Each cut was inoculated with 20 μl of an *E*. *amylovora* suspension at 10^7^--10^8^ CFU/ml in PBS buffer. Afterwards, medflies were introduced into the cages: 25 males and 25 females, 5 males and 5 females, 2 males and 3 females, or only one male or one female, depending on the assay. For 48 h, all cages were maintained under conditions favorable for both *E*. *amylovora* and *C*. *capitata* (26 ± 2°C, 12-hour light/dark cycle, 75--85% RH) in an environmental growth chamber (MLR-351, Sanyo). Acquisition experiments were performed in duplicate and repeated independently for each *E*. *amylovora* strain and batch of medflies. After the period for acquisition of the bacterium by the medfly, a) the inoculated apples were removed from half of the cages containing 50 medflies for being used in survival studies (see the next section), and b) in the remaining cages, the medflies were captured and transferred to other cages with healthy plant material for transmission assays (see further below for the two sections on transmission).

To verify acquisition of the pathogen, some insects were analyzed for the presence of *E*. *amylovora* culturable cells. Groups of 3--5 medfly individuals were crushed in 2.5 ml TNES buffer \[[@pone.0127560.ref031]\], and these extracts and their dilutions were plated onto solid CCT medium or enriched with 1 ml CCT broth. In addition, 300 μl aliquots of each medfly extract were subjected to an insect DNA extraction protocol \[[@pone.0127560.ref031]\] before performing a specific PCR analysis to detect *E*. *amylovora* \[[@pone.0127560.ref034]\].

Survival of *E*. *amylovora* on/in medflies and cages {#sec007}
-----------------------------------------------------

Immediately after the acquisition stage and after removing the inoculated apples from 16 cages with 50 medflies per cage, we began to monitor the survival of the bacterium on the medfly over 28 days. The survival of *E*. *amylovora* populations was monitored at 7, 14, 21 and 28 days after contact with the inoculated *C*. *capitata*. Throughout the challenge period, the medflies were fed with 10% sterile sucrose, as lifespan of starved flies is of 1--2 days only \[[@pone.0127560.ref035]\]. Weekly, living medflies (approximately 10--15 insects) were analyzed for the presence of *E*. *amylovora* by the cultural and PCR methods described above, plating up to 1 ml of medfly extract to improve the detection limit (\<1 CFU/fly). *E*. *amylovora*-like colonies were identified by PCR, and the pathogenicity of representative colonies was verified by inoculation into immature apples, loquats, and pear shoots \[[@pone.0127560.ref036]\]. If the culturability analysis was negative but PCR was positive, the corresponding medfly extracts were subjected to recovery assays (see further below). The survival experiments were performed in duplicate and repeated independently for each *E*. *amylovora* strain.

Food and drinking water from cages containing flies were analyzed 8 days after the acquisition period to discard their possible contamination with *E*. *amylovora* and, therefore, the continuos acquisition of the bacterium by the medflies over time. For this purpose, samples of food, drinking water, and also aborted eggs, regurgitated food, and from the walls of the cages, were taken with sterile swaps, which were immersed in liquid CCT medium (supplemented with antibiotics when required) and incubated at 26°C.

Integrated recovery protocol for non-culturable *E*. *amylovora* cells {#sec008}
----------------------------------------------------------------------

When no *E*. *amylovora* colony was found on solid medium after plating 1 ml of medfly extract, recovery assays were carried out *in vitro* and *in vivo* in accordance with previous works \[[@pone.0127560.ref024], [@pone.0127560.ref033], [@pone.0127560.ref037]\]. Thus, an enrichment of the extracts was performed by adding KB and CCT broth (1:1), followed by plating onto solid CCT medium, for the *in vitro* assays. *In vivo* recovery was based on the inoculation of susceptible plant material, either immature apples or loquat fruits, or detached pear shoots. A volume of 15 μl of medfly extract was inoculated per cut (four cuts per immature fruit and one cut per young leaf) and the plant material was regularly examined throughout 15 days. A suspension of the strain CFBP1430 at 10^8^ CFU/ml in PBS buffer was used as a positive control and PBS and TNES buffers as negative ones.

Transmission assays of *E*. *amylovora* through the medfly {#sec009}
----------------------------------------------------------

### (i) Transmission to mature apples {#sec010}

Medflies that had the opportunity to acquire the bacterium from inoculated apples were transferred to other cages with two healthy mature apples in opposite orientations. These apples had been injured by performing wounds (1--1.5 cm), distributed as described above, to mimic fruits in orchards where they are subjected to injuries from birds, insects, worms, hail, rain, wind, and other biotic or abiotic factors. Throughout the five-day transmission period, the cages were maintained under the same conditions as those used for the acquisition period. Transmission assays were performed in duplicate and repeated independently for each *E*. *amylovora* strain. Once the transmission period had elapsed, live medflies, eggs, and apples were analyzed to detect *E*. *amylovora*. Insects were processed as bulk samples as described above, in groups of one to five. Eggs were frozen, crushed in 300 μl TNES buffer, and analyzed by PCR after DNA extraction as described for the medflies.

Apple fruits were analyzed individually. First, each fruit was washed in 10 ml PBS buffer to detect external *E*. *amylovora* cells. Second, flesh layers (approximately 0.5 cm beneath each wound) were removed, crushed in 2.5 ml AMB buffer \[[@pone.0127560.ref038]\] and processed for detection of internal *E*. *amylovora* cells. Washings and flesh extracts from each apple were analyzed separately by plating directly onto CCT medium or onto KB after enrichment in KB or CCT broth in proportion 1:1 and by specific PCR amplification \[[@pone.0127560.ref034]\] after DNA extraction \[[@pone.0127560.ref039]\]. If *E*. *amylovora*-like colonies were observed, they were PCR identified and their pathogenicity verified \[[@pone.0127560.ref036]\] as indicated above. The remaining washings and extracts were frozen at---20°C in 30% (vol:vol) glycerol.

### (ii) Transmission to pear shoots and plants {#sec011}

Batches of approximately 50 medflies that had the opportunity to become contaminated with *E*. *amylovora* from inoculated apples were transferred to cages containing detached pear shoots or whole plants of cv. Conference. These assays were performed with either intact leaves or ones that had been cut to the main vein following an inoculation standard procedure \[[@pone.0127560.ref036]\]. Incubation conditions were as in the acquisition stage. The transmission period ranged between 5 and 14 days, depending upon the evolution of symptoms. After the incubation period, the live medflies were analyzed by cultural techniques and by PCR as previously described. Plant material (shoots or whole plants) was processed individually. The symptomatic parts of each leaf were processed by comminuting them in 1--1.5 ml AMB buffer \[[@pone.0127560.ref036]\], and after few minutes, the extracts were plated onto solid media, enriched with broth or analyzed by PCR as for mature apples. *E*. *amylovora*-like colonies were also confirmed by PCR.

Monitoring of *E*. *amylovora* on/in medflies by fluorescence microscopy {#sec012}
------------------------------------------------------------------------

Over 20 live medflies from the survival and transmission assays that were challenged with the fluorescent transformants of *E*. *amylovora* strains were visualized using a Nikon ECLIPSE E800 epifluorescence microscope with filters B-2A (EX 465--495 nm, DM 505 nm, BA 515--555 nm) and/or G-2A (EX 450--490 nm, DM 505 nm, BA 520 nm). To detect *E*. *amylovora* cells on medfly surfaces, intact individuals were placed on hollow slides and examined under epifluorescence microscope. The same flies were also observed after being slightly crushed with cover slips. To evaluate the possible internal location of *E*. *amylovora* in medflies through the time, groups of three medfly individuals challenged with DsRed-tagged *E*. *amylovora* cells (since native fluorescence of fly tissues interferes with GFP fluorescence) were analyzed at 4, 8 and 24 h throughout the acquisition period, and also 1, 4, 8 and 15 days after that period. Medflies were processed and sectioned with a cryostat Leica CM1510 S (Leica Biosystems) as follows. Wings and legs were removed, heads detached from the body and both of them immersed by separate into a sterile 30% (wt/vol) sucrose solution in 10 mM PBS pH7.2, at 4°C for 48-72h. Previously to cut abdomen and thorax sections with the cryostat, medfly bodies were embedded in Tissue-Tek^®^ O.C.T.^TM^ Compound (Sakura Finetek) and frozen to -30°C. Tissue sections were observed with the epifluorescence microscope.

An enrichment in CCT broth supplemented with ampicillin was performed in those tissue samples that were negative for red-fluorescent bacterial cells by microscopic observation. Thus, slides with these samples were placed into sterile Petri dishes, covered with the semi-selective medium and incubated under favorable conditions for 16 h before plating the enriched liquid on KB.

Statistical analysis {#sec013}
--------------------

*E*. *amylovora* cell counts (after log-transformation) were analyzed as the means of two replicate samples from at least two independent experiments (n≥4). Significant differences were determined by analysis of variance (ANOVA). Fixed main factors considered in the survival studies were the experiment, strain and duration of insect contact. For the apple transmission assays, the factors were the experiment, strain, part of the apple fruit, medfly sex and location (inside/outside) in/on the fruit. For the shoot and plant transmission assays the factors were the strain, shoot or plant and leaf necrosis. Two assumptions to apply this test were checked. First, the sample should meet the assumption of normality of the quantitative response variable (CFU), so it was normalized transforming it logarithmically. Second, the assumption of homogeneity of variances was verified. Data below the detection limit of the plate counts were not included in the analysis. Differences were considered significant for p values \<0.05.

Results {#sec014}
=======

*E*. *amylovora* can be acquired by and survive on/in medflies {#sec015}
--------------------------------------------------------------

The medflies were observed walking near the wounds made on mature apples inoculated with *E*. *amylovora* and feeding on the inoculum drops, as expected by its feeding behavior and attraction by odor clues \[[@pone.0127560.ref014], [@pone.0127560.ref015], [@pone.0127560.ref035], [@pone.0127560.ref040]\]. These contaminated apples did not show any fire blight symptom throughout the challenge period, despite the fact that *E*. *amylovora* colonies were always re-isolated from the apples at levels similar to the inoculum doses. Analyses of the medflies after 48 h of contact with the apples showed positive results for *E*. *amylovora* detection by cultural (in all media assayed) and specific PCR methods, with pathogen concentrations ranging from 10^4^ to 10^6^ CFU/medfly.

After 7 and 14 days of pathogen being in contact with the medflies, *E*. *amylovora*-like colonies were recovered from medflies on CCT solid medium and then identified by PCR ([Fig 1](#pone.0127560.g001){ref-type="fig"}). There were no significant differences among the assayed strains (p\>0.05) ([S1 Fig](#pone.0127560.s001){ref-type="supplementary-material"}). Colonies of *E*. *amylovora* were easily distinguishable on CCT and RESC media from native bacteria of the medflies, such as *Serratia marcescens* and *Providencia rettgeri*, identified by partial 16S ribosomal DNA sequencing. Inoculation of *E*. *amylovora* cells re-isolated from medflies into immature apples and loquats showed that the bacterium maintained its pathogenic potential after contact with the insect (data not shown).

![Survival of *E*. *amylovora* strain CFBP1430 on *C*. *capitata*.\
Culturable cells of *E*. *amylovora* were recovered up to 14 days after contact with medflies (detection limit \< 1 CFU/medfly). However, *C*. *capitata* extracts containing non-culturable *E*. *amylovora* cells obtained after 21 or 28 days produced symptoms in detached pear shoot (A) (picture taken at 7 days post inoculation, dpi, showing necrosis) and immature apple (B) (picture taken at 14 dpi, showing necrosis and sinking of wound edges). Bars corresponding to SD are less than 0.19.](pone.0127560.g001){#pone.0127560.g001}

However, no *E*. *amylovora*-like colonies were observed in medfly extracts after 21 and 28 days of contact between the bacteria and the medflies (detection limit \<1 CFU/medfly) ([Fig 1](#pone.0127560.g001){ref-type="fig"}) despite PCR results were positive. To determine whether *E*. *amylovora* had died or lost the culturability, these medfly extracts were subjected to *in vitro* and *in vivo E*. *amylovora* recovery assays. *In vitro* assays based on initial enrichments in KB and CCT broth were unsuccessful in recovering culturability of nonculturable *E*. *amylovora* cells, even after incubation periods longer than one week. In contrast, recovery was achieved by extract passage through susceptible plant material such as immature apple and loquat fruits or detached young pear shoots. After inoculation with these medfly extracts, both shoots and fruits showed fire blight symptoms at 7--14 days post-inoculation (dpi) ([Fig 1A and 1B](#pone.0127560.g001){ref-type="fig"}). Approximately 10^3^ *E*. *amylovora*-like CFU/lesion were recovered from small necrotic areas and 10^7^ CFU/lesion from extensive necroses, regardless of the type of plant material or extract inoculated. Presumptive *E*. *amylovora* colonies were confirmed by PCR. In all cases, positive controls showed severe fire blight symptoms at 5--7 dpi, and negative controls showed no signs of disease.

Interestingly, *E*. *amylovora* was not detected, after direct isolation or after enrichment in CCT, neither in food, water for drinking, aborted eggs or regurgitated food, nor in the walls of the cages used for challenges.

The medfly transmits *E*. *amylovora* {#sec016}
-------------------------------------

### (i) Transmission to mature apples {#sec017}

Medflies with *E*. *amylovora* cells acquired from inoculated apples were enclosed with healthy apples for 5 days. The numbers of *E*. *amylovora* cells carried per medfly after that period ranged from 10^3^ to 10^5^ CFU, and the plant pathogen was never detected in the medfly eggs. Challenged apples did not develop fire blight symptoms either on the peel or in the flesh during the assayed period; however, cultural and PCR analysis of these apples after 5 days revealed that *E*. *amylovora* had been transferred to the fruits. External and internal *E*. *amylovora* populations transmitted to the mature apples were quantified as approximately 10^5^--10^4^ and 10^4^--10^3^ CFU/fruit, respectively. Furthermore, *E*. *amylovora* cells recovered from the recipient apples were pathogenic when inoculated into susceptible plant material, which developed typical fire blight symptoms.

Pathogen transmission to the different fruit parts and the possible relationship between transmission and the sex of the medfly were further studied. Regardless of the medfly sex, the majority of the *E*. *amylovora* external population transmitted was found in the peel surrounding the calyx and in the area of the greatest diameter of the fruit ([Fig 2A](#pone.0127560.g002){ref-type="fig"}). In contrast, the internal population was mainly found in the peduncle area ([Fig 2A](#pone.0127560.g002){ref-type="fig"}). The males transmitted *E*. *amylovora* cells in significantly higher numbers (p\<0.05) to the peel than to the flesh of the fruit, but no significant differences (p\>0.05) between these two parts were found for the females ([S2 Fig](#pone.0127560.s002){ref-type="supplementary-material"}). Moreover, significant differences (p\<0.05) between the sexes were also observed inside the distal parts of the fruit ([Fig 3](#pone.0127560.g003){ref-type="fig"}), where the transmission was mainly due to females, either in the peduncle area or in the calyx region ([Fig 2A](#pone.0127560.g002){ref-type="fig"}). Data on the incidence of detection are not provided in [Fig 2](#pone.0127560.g002){ref-type="fig"} because *E*. *amylovora* was detected in all the samples with positive results and in none with negative ones.

![Transmission of *E*. *amylovora* to mature apples by *C*. *capitata*.\
Number of CFBP1430 strain CFUs counted after processing washings of fruits (one piece/10 ml PBS) or flesh extracts (obtained by crushing flesh layers in 2.5 ml AMB buffer) after transmission by both males (light grey bars) or females (dark grey bars) (SE is represented by vertical lines) (A). Transmission to detached young pear shoots, showing necrotic lesions in intact (not pre-injured) leaves (B, C). Medfly eggs embedded in the leaf tissues (D). Transmission to potted pear plants showing black spots on intact leaves (E).](pone.0127560.g002){#pone.0127560.g002}

![Boxplot of CFU mL^-1^ of *E*. *amylovora* from calyx, peduncle or the rest of the fruit of mature apples after transmission by *C*. *capitata*.\
Colonies of CFBP1430 strain were counted from mature apples after transmission experiments by males or females *C*. *capitata* flies from *E*. *amylovora* contaminated mature apples to healthy ones. Data are from two independent experiments with two replicates each. The females transmitted *E*. *amylovora* cells in significantly higher numbers (p\<0.05) to the distal parts of the fruit, either the peduncle area or the calyx region.](pone.0127560.g003){#pone.0127560.g003}

### (ii) Transmission to pear shoots and plants {#sec018}

In transmission assays of *E*. *amylovora* from contaminated apple fruits to detached pear shoots, irregular necrotic lesions of various sizes (0.5--4 cm) were observed on several leaves of each shoot after 5--7 days of contact with the medflies ([Fig 2B and 2C](#pone.0127560.g002){ref-type="fig"}). The severity of the lesions was apparently independent of whether the leaves had been injured or not. Some egg clusters were occasionally noticed as being embedded in the leaf tissues and surrounded by a necrotic margin ([Fig 2D](#pone.0127560.g002){ref-type="fig"}). The presence of *E*. *amylovora* in the leaf necrotic areas and in the transmitting medflies was confirmed by cultural and PCR techniques, with higher populations of *E*. *amylovora* recovered from the pear leaf lesions (10^5^--10^7^ CFU/necrotic lesion) than from the transmitting medflies (less than 10 CFU/fly). The results were negative for egg samples.

In assays of transmission to potted pear plants, slight necrotic symptoms were observed on several leaves of each plant, showing between 1--4 dark necrotic spots (approximately 0.2 cm diameter) per leaf after 10--14 days in contact with contaminated medflies ([Fig 2E](#pone.0127560.g002){ref-type="fig"}). Some leaves were punctured by female medflies to lay their eggs. Spots showed a random distribution, being observed in either young or adult, injured or intact leaves, and on the upper or the underside of leaf surfaces, and *E*. *amylovora* was isolated from these spots. No *E*. *amylovora*-like colonies were recovered from the medflies after 14 days of contact with the bacterium, which is in accordance with the survival results. However, the PCR results for *E*. *amylovora* were positive for both pear leaves and transmitting medflies from all of the samples assayed, but not for the eggs deposited by the flies.

Green fluorescent *E*. *amylovora* cells, regardless of the assayed strain, were mostly found as cellular aggregates on the ovipositors of medfly females ([Fig 4A and 4B](#pone.0127560.g004){ref-type="fig"}) and on the distal parts of the wings of both sexes ([Fig 4C](#pone.0127560.g004){ref-type="fig"}) after transmission challenge.

![Location of *E*. *amylovora* cells on *C*. *capitata* female.\
CFBP1430 strain cells tagged with GFP protein monitored on a female of *C*. *capitata* after the transmission period (5 days) on the 7^**th**^ abdominal segment (A), the 9^**th**^ abdominal segment (the end of the ovipositor) (B), and the wings (C). White bar represents 10 μm in A-B and 100 μm in C.](pone.0127560.g004){#pone.0127560.g004}

Location of *E*. *amylovora* into medflies {#sec019}
------------------------------------------

Red fluorescent cells were observed in the mouth of medflies challenged with red-fluorescent tagged bacteria, not only on the surface but also in the inner parts; they were not found in medflies fed with wild type bacterial strains (data not shown). [Fig 5A](#pone.0127560.g005){ref-type="fig"} shows a diagram of the thorax and abdomen of medflies. In contrast to the observations in the negative control medflies ([Fig 5B and 5C](#pone.0127560.g005){ref-type="fig"}), red-fluorescent bacteria were observed in thorax and abdomen sections of challenged insects, inside the digestive tract ([Fig 5D and 5E](#pone.0127560.g005){ref-type="fig"}), both in the lumen ([Fig 5D](#pone.0127560.g005){ref-type="fig"}) and/or coating the internal wall of the tube ([Fig 5E](#pone.0127560.g005){ref-type="fig"}). Moreover, red-fluorescent bacteria were also located in the crop of challenged medflies (data not shown). [Fig 5F and 5G](#pone.0127560.g005){ref-type="fig"} show control flies with no *E*. *amylovora* cells in the abdomen; in this structure, in general, the amount of red-fluorescent bacteria in challenged flies was higher than in thorax ([Fig 5H and 5I](#pone.0127560.g005){ref-type="fig"}), and mostly the bacterial cells appeared as aggregates and extended by wide areas along the abdomen. In all cases, red bacteria were observed in these structures, both in thorax and abdomen, until 8 days after the acquisition period. At 15 days, all analyzed samples were negative for the presence of red-fluorescent bacteria, and the enrichment did not allow the detection of the target pathogen. Interestingly, red-fluorescent cells were not observed inside ovipositor structure.

![Location of *E*. *amylovora* cells into the *C*. *capitata* body.\
The dorsal longitudinal thoracic flight muscles and the digestive system in an adult fly (A) and cross sections of thorax (B-E) and abdomen (F-I) of control (B, C, F, G) or challenged (D, E, H, I) female medflies fed with red fluorescent *E*. *amylovora* NCPPB 2080 cells for 24h (D, H) and 4 days (E, I) after the acquisition period.](pone.0127560.g005){#pone.0127560.g005}

Discussion {#sec020}
==========

The spread of plant pathogens to new hosts by insect vectors can cause increased damage and economic losses \[[@pone.0127560.ref001]\]. Although there are many insects associated with *E*. *amylovora* dissemination \[[@pone.0127560.ref010]\], their exact role and the bacterial location and survival in/on the insects has not been studied in depth and only by isolation techniques. More specifically, the role of non-pollinating insects is poorly understood \[[@pone.0127560.ref004]\]. Consequently, there is a lack of knowledge on the role of these insects as potential fire blight vectors, in spite they are recognized as a contributing factor in the epidemiology of this disease \[[@pone.0127560.ref003]\]. Past research on flies showed that the vinegar fly (*Drosophila melanogaster*) could be involved in the spread of *E*. *amylovora* \[[@pone.0127560.ref007]\]. Recently, the transport of *E*. *amylovora* cells on greenbottle flies to wounded young fruit and pear shoot was demonstrated under experimental conditions, but no information on the bacterial location in/on the flies was provided \[[@pone.0127560.ref003]\]. Despite *C*. *capitata*'s relevance as worldwide fruit pest of high economic importance \[[@pone.0127560.ref013], [@pone.0127560.ref014], [@pone.0127560.ref015]\], its potential role on *E*. *amylovora* transmission has not been studied before.

Pathogen transmission by contaminated insects depends not only on the pathogen's dose carried by them but also on the pathogen's survival period in/on the insect \[[@pone.0127560.ref008]\]. In this study, *E*. *amylovora* showed a notable ability to persist in a culturable state in/on *C*. *capitata* for up to 14 days. On honeybees \[[@pone.0127560.ref007], [@pone.0127560.ref008], [@pone.0127560.ref041], [@pone.0127560.ref042], [@pone.0127560.ref043]\] *E*. *amylovora* was reported to survive only up to 6 days \[[@pone.0127560.ref007]\]. Nevertheless, the persistence of *E*. *amylovora* in/on insects is likely to have been underestimated due to two reasons: survival has been assessed only by culturability on solid media and no studies have investigated its survival inside insects. In our experiments, after 14 days in contact with the fly, *E*. *amylovora*-like colonies were not isolated. This could indicate either bacterial cell death or loss of culturability. It is remarkable that the lack of *E*. *amylovora* colonies ruled out the possibility that repetitive contacts of the flies with the sucrose solution, used for feeding, led to its contamination with the bacterium. Consequently, this excludes the feed as a source of re-introduction or redistribution of the pathogen on flies over time. Moreover, the negative result of the enrichment in CCT from the challenged cages (food, water, walls) also indicated that insects could not acquire the target bacteria continuously, supporting the significance of the data on *E*. *amylovora* acquisition by *C*. *capitata*.

To elucidate whether non-culturable *E*. *amylovora* cells were dead or alive after 14 days of bacterium-medfly contact, a recovery method previously described \[[@pone.0127560.ref024], [@pone.0127560.ref033], [@pone.0127560.ref037]\] was challenged to demonstrate regained culturability. Although the KB liquid medium had provided excellent results for recovering non-culturable *E*. *amylovora* cells induced by certain stress conditions, neither it nor CCT broth were successful here. The passage through susceptible host plant material \[[@pone.0127560.ref037]\], however, resulted an appropriate method. The inoculation of medfly extracts containing non-culturable *E*. *amylovora* cells into susceptible pear plants caused necrotic lesions from which the pathogen was subsequently re-isolated. These results, which confirm *E*. *amylovora*'s survival ability in non-host environments \[[@pone.0127560.ref032], [@pone.0127560.ref033], [@pone.0127560.ref037], [@pone.0127560.ref044], [@pone.0127560.ref045], [@pone.0127560.ref046], [@pone.0127560.ref047], [@pone.0127560.ref048], [@pone.0127560.ref049], [@pone.0127560.ref050]\], also demonstrate that stressed or injured bacterial cells \[[@pone.0127560.ref028], [@pone.0127560.ref037], [@pone.0127560.ref051]\] can remain viable on the medfly, for at least 28 days, and can be potentially pathogenic. This is the longest survival period reported for *E*. *amylovora* on any insect \[[@pone.0127560.ref007], [@pone.0127560.ref041]\]. Consequently, this integrated protocol, based on isolation, molecular and bioassay approaches, not applied before to insects, is highly useful to recover bacterial cells and should be further applied to honeybees and other insects.

Furthermore, transmission experiments revealed that *C*. *capitata* was able to efficiently acquire *E*. *amylovora* from contaminated mature apples (inoculated with approximately 10^5^--10^6^ CFU per fruit) and transmit it to healthy ones, consistently in all the assays performed. The assayed *E*. *amylovora* strains (CFBP1430 and NCPPB2080) had been described as highly and moderately aggressive, respectively \[[@pone.0127560.ref052]\], and one viable cell of *E*. *amylovora* is enough to develop an infection under highly favorable conditions \[[@pone.0127560.ref052]\]. The fact that the bacterium-recipient apples remained asymptomatic was most likely due to *E*. *amylovora*'s inability to multiply on ripe fruit \[[@pone.0127560.ref024], [@pone.0127560.ref036], [@pone.0127560.ref053]\]. Nevertheless, the pathogen was recovered from both the apple's peel and flesh, suggesting a pathogen-insect relationship probably involving insect reproductive and digestive processes \[[@pone.0127560.ref020], [@pone.0127560.ref054], [@pone.0127560.ref055]\]. This hypothesis was confirmed by microscopic examinations where *E*. *amylovora* red-fluorescent cells were observed in the digestive tract along the thorax and abdomen of the medflies 8 days after the acquisition period. This finding is unknown up to now and very relevant for fire blight epidemiology, as there was no previous evidence of *E*. *amylovora* internalization by insects \[[@pone.0127560.ref002]\].

Both medfly sexes contributed equally to pathogen transmission in the apple peel. The presence of fluorescent (GFP-marked) cells on the wings of flies of both sexes is most likely related to the fly's position during feeding, defecating, or laying eggs (females), enabling contact between the distal parts of the wings with the fruit or leaf. The transmission to the interior of the fruit was mainly due to female insects. The observation of GFP cells on the external surface of ovipositors of transmitting medflies coincided with the detection of *E*. *amylovora* cells inside the apple flesh. These were probably introduced by laying of eggs and/or fecal contamination \[[@pone.0127560.ref054], [@pone.0127560.ref056]\]. The female medfly may lay approximately 20 eggs per day, in egg-clutches of 1 to 10 eggs, by puncturing the fruit up to 0.5 cm deep with its ovipositor \[[@pone.0127560.ref057]\]. Indeed, some tunnels containing eggs were found in the flesh of several bacterium-recipient apples. However, *E*. *amylovora* was never detected in eggs. These results agree with the findings of other studies where vertical transmission of plant pathogens (mother to egg or sperm to egg) is unusual in insect vectors \[[@pone.0127560.ref058], [@pone.0127560.ref059]\]. The contamination was most likely external, on the surface of the ovipositor. In fact, red-fluorescent *E*. *amylovora* cells were not found inside the ovipositor structure in any sample. Moreover, it is known that *C*. *capitata* usually produces two ceratoxins to prevent the presence of bacteria in the ovaries \[[@pone.0127560.ref056]\].

Assays of transmission to susceptible plant materials other than fruit, including detached young shoots and whole pear plants, revealed that the transmitted pathogen could effectively reach host tissues, causing leave necrosis of variable extent. Although egg laying on leaves or penetration in leaf tissue is not the normal behavior of medflies, when fruit is not available flies can lay eggs on other plant material \[[@pone.0127560.ref014]\].

One of the goals of this work was to elucidate the ability of medflies to transmit fire blight pathogen to shoots or other organs, since it is less understood than the blossom blight transmission \[[@pone.0127560.ref004]\]. Under our experimental conditions, *E*. *amylovora* can survive in/on *C*. *capitata* and be efficiently transmitted from mature apples to different healthy plant materials, without requiring artificial wounds in plant tissue. This transmission could go unnoticed because of the absence of fire blight symptoms \[[@pone.0127560.ref024]\] or the presence of atypical disease symptoms in leaves. Medfly should not be neglected as a key ecological player, as it is likely to have repeated encounters with *E*. *amylovora* in different parts of the host plants, so flies travelling from plant to plant could act as vectors, as shown for other insects \[[@pone.0127560.ref060]\]. There are many species of flies that may be present in apple or pear orchards, some considered non-pests and others causing damage, such as *Rhagoletis pomonella* (Walsh) \[[@pone.0127560.ref017]\] or *Drosophila suzukii* (Diptera: Drosophilidae) \[[@pone.0127560.ref061]\], but *C*. *capitata* remains the pest most widely distributed in these orchards throughout the year \[[@pone.0127560.ref015]\]. Although the role of other fly species in fire blight epidemiology is still unknown, our results with *C*. *capitata* suggest other fly species could also be efficient vehicles for *E*. *amylovora* transmission.

Overall, the presence of *C*. *capitata* in fruit-growing areas with fire blight should not be disregarded as a potential threat for dissemination of *E*. *amylovora*. The exceptional ability of *E*. *amylovora* to survive in *C*. *capitata*, both in the medfly surface and inside its digestive tract, the efficiency of this insect in acquiring and transmitting this bacterium, which remains pathogenic, and the relatively high cell numbers of the plant pathogen carried by each medfly in our experimental system demonstrate its potential as a fire blight vector. A clear understanding of medfly role in dissemination of *E*. *amylovora* and on the epidemiology of fire blight, with field studies in orchards with infected hosts, will contribute to design more optimized control strategies.
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###### Boxplot of CFU mL^-1^ of *E*. *amylovora* from *Ceratitis capitata* flies after acquisition experiments.

*E*. *amylovora*-like colonies, confirmed by PCR, were recovered after 7 and 14 days of contact of medflies with *E*. *amylovora* contaminated apples. Data are from two independent experiments with two replicates each. There were no significant differences among the four assayed strains (p\>0.05).

(TIF)

###### 

Click here for additional data file.

###### Boxplot of CFU mL^-1^ of *E*. *amylovora* from surface or flesh of mature apples after transmission by *C*. *capitata* flies.

Colonies of CFBP1430 strain counted from apple surface or flesh after transmission by male or female flies from *E*. *amylovora* contaminated mature apples to healthy ones. Data are from two independent experiments with two replicates each. The males transmitted *E*. *amylovora* cells in significantly higher numbers (p\<0.05) to the peel than to the flesh of the fruit.

(TIF)

###### 

Click here for additional data file.
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